Abstract-MRI-conditional robotic platforms have proved to be an effective approach for image-guided interventions. In this study, a computer-assisted, pneumatically actuated robot is designed, built, and tested for MRI-guided prostate cancer focal laser ablation (FLA). The robotic manipulator provides two active planar degrees of freedom (DoFs) by using a customized CoreXY frame and one passive rotational DoF. A remote insertion mechanism improves the surgical workflow by keeping the patients inside the scanner during needle insertion. The robotic manipulator is tested in a 3T MR scanner to evaluate its MR compliance, and the results demonstrated that the signal-to-noise ratio (SNR) variation is less than 8%. The in-scanner template positioning accuracy test demonstrates that the manipulator achieves high targeting accuracy with a mean error of 0.46 mm and a standard deviation of 0.25 mm. Phantom studies have shown that the needle insertion accuracy of the manipulator is within 2 mm (mean = 1.7 mm, standard deviation = 0.2 mm).
I. INTRODUCTION
P ROSTATE cancer is the most common nonskin male cancer and the second leading cause of cancer death in men in the U.S.; it accounts for one-quarter of new cancer diagnoses in men. An estimated 220 800 new cases were diagnosed and almost 27 540 men were expected to die due to prostate cancer in 2015 [1] . Current trends in prostate cancer treatment include radical prostatectomy and minimally invasive procedures under image guidance. Radical prostatectomy is performed by removing part or all of the prostate gland and surrounding tissue. However, clinical data suggest that prostatectomy overtreats the cancer, leaving negative side effects such as incontinence and sexual dysfunction [2] . For patients with early-stage prostate cancer, minimally invasive interventions are an attractive option due to the benefits of shorter hospitalization, reduced recovery time, and fewer in-patient procedures with less complication.
Focal laser ablation (FLA) is a minimally invasive treatment method that efficiently treats the target tumor while avoiding overtreatment of neighboring tissues [3] . Focal ablation is an evolving technique that delivers heat energy to the region of interest for tissue ablation. Ablation energy sources consist of high-intensity focused ultrasound (HIFU) [4] , photodynamic therapy [5] , cryotherapy [6] , and laser energy [7] . The laser ablation technique has the advantages of MRI compatibility, flexible energy delivery, and confluent tissue destruction [8] . MRI produces excellent anatomic resolution of soft tissue, and MRIguided FLA is currently the most accurate method for delivering thermal energy to a target position. In addition, MR thermometry could be used during MRI-guided FLA to accurately monitor the temperature of tissue in and around the ablation zone, enabling intraoperative evaluation of the surgical outcome [9] . The wavelengths of commercially available laser fibers are 805 nm (Diomed Inc., MA) [10] , 830 nm (Indigo, Inc., OH) [11] , and 980 nm (Visualase, Inc., TX) [9] .
To perform MRI-guided FLA, a grid template is applied to guide the needle and laser fiber to the targeted location. However, the distance between adjacent holes on the template is 5 mm, which limits needle insertion resolution. In addition, the template only provides two planar degrees of freedom (DoFs), but the angular DoF is important in clinical applications since it allows physicians to avoid penetrating normal tissue, such as the pubic arch, and causing nerve bundle interference [12] . To address the limitations of the current FLA approach, Cepek et al. reported a manually operated mechanism for MRI-guided FLA [13] . Physicians control the position and orientation of the guide template for desired needle trajectory alignment. The in vivo test showed that the median needle insertion accuracy was 3.5 mm, and the phantom study showed it to be 2.64 mm [13] , [14] . However, accurately controlling and planning the desired needle trajectory requires time-consuming training and higher practice costs for physicians.
An MRI-guided robotic needle insertion navigation device is promising since it operates safely, accurately, and efficiently compared to the manual version. According to the standards of the American Society for Testing and Materials (ASTM F2503), an item can be classified as MRI-safe, MRI-conditional, or MRIunsafe based on its effect on magnetic force, torque, RF heating, image artefact, induced voltages, electromagnetic compatibility, etc. [15] . MRI-safe is defined as no known hazards in the entire MR environment; MRI-conditional is defined as no known hazards in a specific environment; MRI-unsafe is defined as known hazards in the entire MR environment [16] . Therefore, in order to guarantee safety throughout the surgery, the robot should be fabricated with MRI-conditional or MRI-safe materials. To date, there have been several reported MRI-conditional robotic systems for prostate interventions. Krieger et al. developed a 6-DoF transrectal robot with a hybrid fiducial tracking method [17] . Su et al. designed a 6-DoF, piezoelectric motor-driven robot for transperineal prostate interventions [18] . Eslami et al. reported their design of a parallel robotic needle insertion platform with piezo actuators [19] . The majority of these MRIconditional prostate robots are driven by piezo actuators, which could adversely affect image quality. According to the work done by Wendt et al. [20] , the piezoelectric motor could reduce the signal-to-noise ratio (SNR) by up to 50% even when not powered.
A pneumatic motor can provide MRI-conditional actuation since its working principle is electromagnetically decoupled from the MR scanner. Pneumatic actuators use compressed air as an energy source, which is a standard configuration in the MR room. A pneumatic motor can be fabricated with MRI-conditional materials using three-dimensional (3-D) printing technology. Stoianovici [28] in 2011. However, a remote needle insertion capability was not incorporated in these robots. Based on the consultations with our contacts from the National Institute of Health (NIH), clinicians prefer to perform manual needle insertion to ensure surgical safety.
In this study, we propose a robotic manipulator with two active planar DoFs, one passive angular DoF, and remote insertion capability. It is an inherently MRI-conditional manipulator, as it is driven by two custom designed pneumatic vane motors. The working principle and encoding method of the MRI-conditional pneumatic motor are presented. The manipulator's controls are integrated with the MR imaging and planning interface (OncoNav, National Institutes of Health, USA) to provide intraoperative manipulation guidance and evaluation of surgical outcome. Our phantom study showed that the proposed manipulator is able to reach submillimeter targeting accuracy with minimal image distortion on the region of interest (ROI).
II. METHODS AND MATERIALS

A. Manipulator Design Overview
The goal of developing an MRI-conditional robotic system necessarily imposed several requirements for patient safety and preserving image quality. As with all MRI-conditional robotic systems, ferromagnetic materials were entirely avoided. The majority of the components were 3-D printed using plastic materials (ABS), with the linear guidance rod fabricated from brass. Fig. 1 shows the proposed pneumatically driven prostate manipulator with overall dimensions of 130 mm × 180 mm lying on the top of a supporting board. The end-effector (EE) workspace to cover the prostate was determined to be approximately 50 mm × 50 mm in the transverse plane of the patient in a supine position. In order to compensate for variations in prostate height above the gantry among different patients, the workspace was extended an additional 40 mm vertically.
The manipulator is mounted on a rotation bar capable of being manually rotated ±7.5
• and ±15
• (see Fig. 1 ), relative to the B 0 field (inferior-superior direction). The rotational DoF is achieved by manually fixing the rotation bar to predefined positions on the supporting board in the trajectory planning step of the proposed workflow. This rotational DoF provides alternatives in scenarios where a straight-shot needle trajectory intersects with a neurovascular bundle and/or the urethra. Since the rotation is mechanically fixed to predefined positions, the rotational feedback is not needed in the design. In addition, the fixed design precludes the application of a rotational encoder, which ensures the MR compatibility and simplicity of operation.
B. Manipulator Working Principle
A compact design based on the CoreXY system [29] was chosen as a solution to meet the design requirements (see Fig. 2 ). CoreXY is a parallel kinematic platform that provides Cartesian motion while keeping the motors stationary to achieve high accelerations. The custom-designed CoreXY system allows both motors to be mounted on the anterior direction of the manipulator frame, reducing the number of moving parts, avoiding the interference between the air hose and the patient's leg, and allowing a more compact design while maintaining the same workspace of the EE.
There are ten sets of pulleys in the proposed mechanism, two of which are attached to the motor output shaft as the driving pulleys. The rest are located on the manipulator frame. All the pulleys are fabricated with a 3-D printing technique to ensure the MR-compatibility of the proposed device. An MXL Series Timing Belt (item number: 7887K35 McMaster, USA) is applied to transfer motor shaft rotational motion to EE translational motion. The CoreXY system utilizes two bi-directional controllable motors to provide motion of the needle template. The relationship between motor rotation and EE position is mathematically defined as
where ΔA and ΔB are the motor rotational distances while ΔX and ΔY are the EE positions, n A and n B are the number of motor rotations, N is the gearbox transmission ratio, and r is the radius of the pulley attached to the output shaft of the gearbox [29] . In this study, the pneumatic actuator is based on our prior pneumatic vane motor design by adding an MRIconditional optical encoding technique [30] , [31] . The motor is controlled via the PID algorithm with the EE dead band of 0.3 mm, which can be regarded as an acceptable range after detailed discussions with clinicians. We use the point-based registration method in this study to register the manipulator coordinate frame to the MR scanner coordinate system [32] . Five gadolinium fiducial markers (Beekley, USA) are placed on the manipulator at predefined positions. The homogeneous transformation between these two frames can be expressed in the following equation:
where P robot is the marker position in the manipulator frame, P MRI is the marker position in the MRI scanner coordinate frame, and R and d are the rotation matrix and translation matrix, respectively. The fiducial markers are located 50 mm away from the manipulator frame in the inferior-superior direction to avoid the inhomogeneous magnetic area caused by the brass rods.
C. Pneumatic Motor Design
Fig . 3 shows the pneumatic actuator prototype in a compact construction, which contains the pneumatic motor and gearbox. The actuator unit was 3-D printed with overall dimensions of ∅44 mm × 40 mm. A planetary gearbox (Tamiya, Japan) was coupled to the motor to gear down the output speed and increase the torque. The dimensions of the actuator unit and planetary gearbox can be further minimized, allowing the designer to tailor the surgical robot to meet different operational condition requirements.
To ensure the MR compatibility of our proposed pneumatic actuation approach, the actuator unit is fabricated with MRcompatible material (GPCL03, Formlabs, USA). The mechanical property of this material can guarantee the mechanical strength, durability, and reliability of the motor. The optical fiber used in the motor is made of silica and plastic, which have been shown to be MR compatible [33] . The schematic diagram of the pneumatic motor's working principle can be seen in Fig. 4 .
The pneumatic actuator consists of four major components: motor body, rotor, motor cap, and optical fibers. We use three plastic threaded rods to connect the motor body and motor cap together. P1 and P2 are the air inlets, which can be supplied with pressurized air. The air outlets are represented by small arrows in Fig. 4 . There are three pairs of outlets separated evenly by 120
• around the inner surface of the motor body. When air inlet P1 is supplied with pressurized air, the corresponding pneumatic flow coming from the air outlets drives the rotor rotation in the clockwise direction; counterclockwise rotation can be achieved by supplying air inlet P2 with pressurized air.
D. MRI-Conditional Encoding
In order to track the motor operation speed and position, we employ a novel encoding technique in our motor design. The operation principle of the encoding method can be seen in Fig. 5 . Due to the rotatory motion of the rotor, the lower/upper channels of optical fibers have two statuses: open (optical signal passing from the sender fiber to the receiver fiber) and closed (optical signal blocked by the blue/red segments of the rotor in Fig. 4) . The light intensity transmitted from the sender fibers to the receiver fibers can be detected with a photoresistor. The photoresistor and its associated electronics, which are located in the control room, transfer the optical signal to the electrical transistor-transistor logic (TTL) signal. Based on the counts and frequency of TTL signals, we can track the motor's position as well as its speed. We use two pairs of the optical fibers in our design so as to track motor rotation direction automatically. Monitoring the motor rotation direction is achieved by detecting the phase of the two channels. If the upper channel leads the lower channel, then the motor is rotating in the clockwise direction; if the lower channel leads the upper channel, then the motor is rotating in the counterclockwise direction. In Fig. 5(a) , the sequence can be summarized as follows: both channels open, upper channel closed and lower channel open, both channels closed, upper channel open and lower channel closed. The logic flow of this sequence can be seen in Fig. 5(b) .
E. Remote Insertion Mechanism
In this study, the needle for MR-guided FLA was inserted remotely by the surgeon to avoid removing patients from the MR bore (see Fig. 6 ). Two primary components enabled this methodology: a remote insertion guide and an aligning cone at the robotic manipulator. The remote insertion guide has the same workspace as the robotic manipulator and is located in a parallel plane with respect to the manipulator. A removable core with a small diameter is located on the remote insertion guide for needle insertion guidance. The core consists of two passive translational DoFs, allowing the surgeon to manually align the core with respect to the EE of the robotic manipulator. Once the remote insertion guide is aligned, the surgeon inserts the trocar or needle through the core towards the aligning cone. The alignment cone located on the manipulator corrects any errors caused by the distance between the manipulator and the remote insertion guide by "catching" the inserted instrument and guiding it into the EE of the manipulator. In this way, the 60 cm titanium diamond-tip needle used for the initial skin puncture can be maneuvered from outside the MRI bore.
III. RESULTS AND DISCUSSION
A. Robotic FLA Workflow Evaluation
The envisioned clinical workflow lasts for 75 min, as broken down in Table I . The workflow consists of five major steps: preoperative preparation, MRI-manipulator coordinate registration, trajectory planning, needle targeting, and procedural outcome verification. In the current workflow, steps 6-8 are the manipulator movement, and trocar and catheter insertions, which account for 15 min out of 75 min. Once the surgeon is Step Description Time familiar with the clinical workflow, steps 6-8 can be reduced to around 5 min total. The MRI scans (steps 9 and 10) can be further reduced to ∼5 min total for single-slice scans with reduced field of view (FOV). Steps 6-10 are specified by our interventional radiologists at this stage of development for post-ablation evaluation, and those steps can be further optimized. The efficacy of the robotic-assisted approach will be more obvious when multiple ablation targets are needed since steps 1-5 do not need to be repeated when the patient is in the same position.
System initialization
B. MRI Compatibility Evaluation
Empirical validation of the manipulator's ability to operate without introducing noise to MR images was accomplished by taking MR images of a phantom filled with a CuSO 4 solution under four conditions: control image, manipulator introduced, manipulator powered at rest, and manipulator powered in motion. The SNR was calculated using the following method:
where μ 1 is the mean value within the 40 × 40 pixel region at the center of the image and σ 2 is the standard deviation of the 40 × 40 pixel region at the corner of the image. In the SNR test, the phantom bottle was placed at the isocenter of the MRI scanner and the robot was placed in the inferior direction. The distance between the robot EE and the middle plane of phantom bottle is 20 cm. The phantom MR image was obtained with the T2-weighted standard prostate imaging protocol: 28 cm FOV, 3 mm slice, TE = 90 ms, TR = 5600 ms. From  Fig. 7 , the maximum SNR variation was <8% in all cases, thus falling within an acceptable range for devices used inside MRI scanners [34] . Furthermore, subtracting the control image from the images obtained in the other three conditions demonstrates that the manipulator generates minimal image distortion of the phantom bottle image on ROI.
C. Template Positioning Accuracy Test
The manipulator's accuracy in open air was tested by automatically moving the needle template to the desired position inside the scanner. Accuracy was evaluated by two metrics: the real error and the calculated error. The real error was measured by calculating the distance between the desired position and final position of the EE. The calculated error is the difference between the desired position and the final position as reported by the control interface after automatic control. The final position of the EE was obtained by calibrating the EE fiducial markers' positions in the MR images. Fig. 8 shows the error distributions of the manipulator; the targeting trial was conducted in 32 random positions throughout the manipulator workspace to ensure the experiment was statistically significant. The manipulator had a submillimeter real error, with a mean value of 0.46 mm and a standard deviation of 0.25 mm. The calculated error was smaller than the real error, with a mean value of 0.29 mm and a standard deviation of 0.12 mm. The main reason for this difference is that the calculated error is based solely on the dead band of the automatic control algorithm. However, the real error is more complicated since it can be affected by the controller's performance, the backlash of the gearbox, the friction between the driving belt and the pulley, MR scanner-robot frame coordinate registration, and image registration.
D. Needle Insertion Accuracy Test
The needle insertion accuracy tests were carried out by inserting a needle into a prostate phantom. We chose a commercially available anatomical prostate phantom (CIRS, VA, USA) for accuracy analysis since it has been widely used for prostate robot accuracy evaluation. The insertion accuracy test allows the physician to simulate clinical FLA situations under MR guidance. The needle insertion error in the transverse plane (n = 10) had a mean of 0.9 mm and a standard deviation of 0.4 mm, and along the insertion axis, a mean of 1.9 mm and a standard deviation of 2.7 mm (see Fig. 9 ). The larger needle insertion error along the insertion axis error was caused by the image slice thickness (3.5 mm) and the lack of practice in the proposed remote insertion mechanism. Tissue deformation also contributed to the error along the insertion axis.
E. Phantom Study of Robotic FLA
Robotic system efficacy tests were performed by navigating the needle to anatomical prostate phantoms with physical tumors (n = 5) (see Fig. 10 ). The MRI-guided FLA setup consists of a 3T MRI scanner (Achieva, Philips Healthcare, The Netherlands), a navigation graphical user interface (OncoNav, the National Institutes of Health, USA), a laser fiber of 980 nm wavelength with a cooling catheter (Medtronic, USA) [35] , and the proposed manipulator. The temperature map can be calculated by using the proton resonance frequency shift (PRFS) method [36] , which can be described in the following equation:
where Y is the proton gyromagnetic ratio, α is the PRF change coefficient, B 0 is the MRI field strength, and TE is the echo time. All these parameters are constant values for a specific imaging sequence and scanner. ∅(t) is the current image phase and ∅ 0 is the reference image phase at a known temperature which serves as a baseline image. Each ablation took approximately 60 seconds with the maximum ablation temperature of 65 • C. Prior to ablation, the needle was inserted manually through the designed setup to the target region and insertion accuracy of the needle relative to the designated target point was within 2 mm (mean = 1.7 mm, standard deviation = 0.2 mm). Analysis of the ablated regions demonstrated that 100% of the tumor volume was treated in each case, with <20% of tissue ablated outside the tumor, which were acceptable results for the FLA according to the feedback of our clinicians.
IV. CONCLUSION
In this study, we have proposed a motorized, compact manipulator with two active DoFs and one passive DoF that can guide the needle in the transverse plane with submillimeter accuracy. The proposed remote insertion feature optimizes the workflow by eliminating the need for moving patients in and out of the gantry, without sacrificing the physician's comfort or targeting accuracy. The manipulator was tested in a 3T MR scanner, and the results showed that the maximum SNR variance was less than 8%, which is within an acceptable range for MR-compatible mechatronics. The manipulator generates minimal image distortion of the phantom bottle image (maximum thickness = 1.1 mm) on ROI. Thirty-two trials were performed to evaluate the manipulator's template positioning accuracy, and the results showed that the manipulator achieved submillimeter accuracy (mean = 0.46 mm, standard deviation = 0.25 mm). Needle positioning accuracy was tested by a phantom study of the proposed robotic setup, and it showed that the targeting error was less than 2 mm. This error is below the clinically acceptable error for prostate needle placement procedures [37] .
Future work will focus on quantitative evaluation of the error source of the manipulator. The MR active tracking technique will be integrated with the proposed hardware to provide realtime guidance for needle insertion [38] , [39] . In addition, animal trials will be performed to evaluate the proposed robotic setup.
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